Extracellular-signal-regulated kinase 5 (ERK5) • Fibulin-5 • Lung fibroblast • Smad • Transforming growth factor-β1 (TGF-β1) Abstract Background/Aims: Lung fibrosis is associated with lung tissue contraction due to abnormal accumulation of myofibroblasts, which aggressively promote the fibrotic process. Transforming growth factor (TGF)-β signaling in fibroblasts promotes extracellular matrix (ECM) synthesis and fibroblast migration and differentiation into myofibroblasts. Inhibition of extracellular signal-regulated kinase (ERK)5 blocks lung fibroblast activation by suppressing TGF-β signaling. Here, we examined the effects of an ERK5 inhibitor on TGF-β1-induced fibrosis in lung fibroblasts. Methods: The effects of ERK5 inhibition following TGF-β1 exposure were evaluated in lung fibroblasts isolated from fibrotic human lung tissues. Fibroblast-mediated collagen gel contraction and fibroblast migration towards fibronectin were assessed. Phenotypic differences in fibrotic fibroblasts were examined using the cap analysis gene expression method for genome-wide quantification of promoter activity. Results: TGF-β1-stimulated contraction of collagen gels, fibroblast migration, and α-smooth muscle actin and fibronectin expression, and Smad3 phosphorylation were increased in fibrotic fibroblasts
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Introduction
Pulmonary fibrosis is characterized by a reduction in lung volume, resulting in a progressive loss of pulmonary function [1] . One major fibrotic process is lung tissue contraction, which leads to abnormal accumulation of myofibroblasts that exhibit greater contractility than normal fibroblasts, along with excessive deposition of extracellular matrix (ECM) [2] . Transforming growth factor (TGF)-β is an important profibrotic growth factor that accelerates pulmonary fibrosis [3] and induces myofibroblast differentiation by increasing the expression of α-smooth muscle actin (α-SMA), a contractile stress fiber. It also stimulates fibronectin release, resulting in the accumulation of lung fibroblasts at the site of fibrosis [4] [5] [6] [7] . Bone morphogenetic proteins (BMPs) are structurally and functionally related proteins belonging to the TGF-β superfamily of ligands. Maintaining a balance between TGF-β and BMP signaling is critical for controlling fibrosis [8] . In particular, BMP-3 and -4 suppressed lung fibroblast proliferation and lung fibrosis progression in a bleomycin-induced lung fibrosis model [9] [10] . However, it is not known how TGF-β and BMP signaling affect lung fibroblasts derived from fibrotic lungs.
The extracellular-signal-regulated kinase (ERK)5, a member of the mitogen-activated protein kinase (MAPK) family, is stimulated by TGF-β. BIX02189, a pharmacological inhibitor of MAPK kinase 5/ERK5, blocked TGF-β signaling and subsequent profibrogenic responses in a bleomycin-induced lung fibrosis model [11] . We previously demonstrated that BIX02189 attenuates acetylcholine and TGF-β1-mediated ERK5 signaling, reducing the contractility of lung fibroblasts present in clinical samples from patients with chronic obstructive pulmonary disease (COPD), which suggests prevention of airway remodeling [12] .
In this study, we first investigated whether inhibiting TGF-β1 and ERK5 altered the bioactivity of lung fibroblasts isolated from patients with different subtypes of lung fibrosis. We then examined the phenotypic differences in fibrotic vs. normal fibroblasts by cap-analysis gene expression (CAGE) to identify potential mediators of lung fibroblast-mediated fibrosis. We speculated that TGF-β1-mediated BMP regulation may be affected by ERK5 blocking. Finally, we explored whether clinicopathological information from multidisciplinary diagnoses correlated with the results obtained in the lung fibroblast bioactivity assays.
Materials and Methods

Materials
Native type I rat tail tendon collagen was extracted from rat tail tendons according to a previously published method [13] . Dulbecco's Modified Eagle's Medium (DMEM) was purchased from Wako Pure Chemical Industries (Osaka, Japan); fetal calf serum (FCS) from Sigma-Aldrich (St. Louis, MO, USA); transforming growth factor (TGF)-β1 and bone morphogenetic protein (BMP)-4 from R&D Systems (Minneapolis, MN, USA); BMP-3 from Peprotech (Rocky Hill, NJ, USA); and the extracellular signal-regulated kinase (ERK)5 inhibitor BIX02189 from Selleckchem (Houston, TX, USA).
Cell culture
Human fetal lung fibroblasts (HFL1, catalog no. CCL-153) were purchased from the American Type Culture Collection (Manassas, VA, USA). Primary lung fibroblasts were isolated from surgical lung specimens as previously described [14] . Briefly, for normal control lung fibroblasts, portions of lung parenchymal tissue as distal as possible from any tumor were obtained from patients who underwent lung cancer resection. For lung fibrotic fibroblasts, lung parenchymal tissue was isolated from the honeycomb-like fibrotic tissue. Lung fibroblasts from 24 patients, including 12 subjects with lung fibrosis according to a definitive final diagnosis by a multidisciplinary team recognized as the gold standard [15] and 12 control subjects without clinical airway symptoms or lung functional abnormalities were used for the experiments (Table 1) . Further details are available in the online data supplement.
Collagen gel contraction assay
Collagen gels were prepared according to a previously described method [16] , with some modifications. The ability of fibroblasts to contract the floating gels was evaluated by quantifying the gel area daily using a LAS4000 image analyzer (GE Healthcare Bio-Science AB, Uppsala, Sweden). Data are expressed as the gel area percentage compared to the original gel size.
Chemotaxis assay
Cell migration was assessed using a Boyden blindwell chamber (Neuroprobe, Gaithersburg, MD) as previously described [4] [5] [6] [7] . Fibroblasts treated with TGF-β1 and/or BMP-3/-4 in the presence or absence of BIX02189 were added to the wells of the upper chamber, while fibronectin was added to the wells of the lower chamber as a chemoattractant. Chemotaxis was assessed by counting the number of migrated cells in five high-power fields, including one in the center and one in each quadrant. Wells with serum-free Dulbecco's Modified Eagle's Medium served as negative controls.
Fibronectin release measurements
Fibronectin production from lung fibroblasts was determined using the human fibronectin immunoassay (R&D Systems; Minneapolis, MN, USA) according to the manufacturer's instructions. Further details are available in the online data supplement.
Western blotting
Immunoblotting was performed using cell lysates with or without 10 pM TGF-β1 treatment in the presence or absence of BIX02189 for 8 or 24 h. Detailed information on primary antibodies is available in the online data supplement.
Small interfering RNA (siRNA)-mediated knockdown assays HFL-1 human fetal lung fibroblasts were transiently transfected with ERK5 siRNA using Lipofectamine 2000 reagent (Invitrogen by Life Technologies, USA) following the manufacturer's instructions. Further details are available in the online data supplement. Table 1 . Clinical and demographic features of study subjects. Data are presented as n, mean ± SD or n(%), unless otherwise stated. Abbreviations: IP = interstitial pneumonia; FVC = forced vital capacity; MRC = medical research council dyspnea scale; IPF = idiopathic pulmonary fibrosis; CHP = chronic hypersensitivity pneumonitis; NSIP = non-specific interstitial pneumonia UIP = usual interstitial pneumonia. *, diagnosed by multi-disciplinary discussion diagnosis CAGE analysis CAGE libraries were prepared from purified RNA samples as previously described [17] . Briefly, total RNA was pretreated with PolyA polymerase in the presence of 3ʹ-dATP to block the diol residue at the RNA 3ʹ-end. First strand cDNA was synthesized from 5 µg total RNA with an N6+3 base anchor primer by reverse transcription using SuperScript III (Thermo Fisher Scientific, Waltham, MA, USA). The diols in the cap structure of the ribose sugar were oxidized with NaIO 4 on ice shielded from light, and then biotinylated using biotin hydrazide dissolved in dimethylsulfoxide. Single-stranded RNA was digested with RNase I (Promega, Fitchburg, WI, USA), and biotinylated RNA/cDNA was captured on the surface of streptavidinconjugated Dynabeads M-270 (Thermo Fisher Scientific). The cDNA was released by heat denaturation and purified by RNase I and RNase H digestion, followed by purification with AMPure XP beads (Beckman Coulter, Brea, CA, USA). The purified single-stranded cDNA was subjected to adaptor ligation at both ends, and second-strand cDNA synthesis was performed using DeepVent (exo-) DNA polymerase (New England Biolabs, Tokyo, Japan). The 8-plex CAGE library was sequenced by 50-base single-read sequencing in one lane of a flow cell on an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, USA). The quality of CAGE reads was verified with FastQC v.0.11.2 (Babraham Bioinformatics, Babraham Institute, Cambridge, UK), and the reads were mapped to the reference human genome (hg38) using TopHat2 [18] . Based on the mapping results, transcription was quantified according to annotated genes in the hg38 human genome and compared between fibrotic and control lung fibroblasts using Cuffdiff2 [19] . All analyses were performed on Maser [20] implementing the analysis pipelines. A pathway enrichment analysis was performed for upand downregulated differentially expressed genes (DEGs; for statistics, see next subsection) in fibrotic lung fibroblasts using the Reactome database [21] (version V62). To determine whether DEGs belonged to an enriched pathway that could be linked to TGF-β1 or ERK5, protein interaction networks were constructed with VaProS [22] using the "Via Path Search" function. We used Cytoscape 3.6.1 [23] to visualize these networks.
Statistical analysis
Results are expressed as the mean ± SEM. Grouped data were evaluated by one-way analysis of variance (ANOVA) with Bonferroni correction. Comparisons between control and fibrotic lung fibroblasts were performed with the unpaired, two-tailed Mann-Whitney U test. The Wilcoxon test was used for experiments where paired samples within a group were available. For these comparisons, each subject was considered as an individual data point. P values < 0.05 were considered significant. Data were analyzed using Prism 6 software (GraphPad Inc., San Diego, CA, USA). For CAGE reads, the Cuffdiff2-generated P value was used to assess differential gene expression, and the Q value (false discovery rate, FDR) was applied to multiple comparisons according to the Benjamini-Hochberg procedure [24] . Differentially Expressed Genes (DEGs) were identified using a 0.05 threshold for the Q value. For pathway enrichment analysis, the probability of observed overlaps between query DEGs and each pathway was calculated from the binomial distribution; FDRs were then estimated from the P values using the Benjamini-Hochberg procedure. Pathways that fulfilled the following two criteria were identified as enriched: 1) two or more DEGs were found in the pathway, 2) FDR < 0.05.
Results
Clinical and demographic features
The clinical and demographic features of the subjects are presented in Table 1 . The two groups were similar regarding age, smoking status, and gender. However, they differed significantly in lung function; as expected, subjects with lung fibrosis had a lower percent forced vital capacity (% FVC). A histological examination revealed that six of the 12 lung fibrosis subjects not receiving medication showed nonspecific interstitial pneumonia (NSIP), while the other six showed usual interstitial pneumonia (UIP), including three with idiopathic pulmonary fibrosis (IPF) and three with chronic hypersensitivity pneumonitis. Response to TGF-β1 Two phenotypes were examined in patients with lung fibrosis and control subjects; the ability of fibroblasts to contract three-dimensional collagen gels and their chemotaxis towards fibronectin. At the end of the incubation period, there were no differences in cell viability in the gels in either group, as assessed by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay (data not shown), and no differences were observed between fibroblasts from subjects with lung fibrosis and those from control subjects at baseline (Fig. 1A, B) . Since the phenotype at baseline was identical, we assessed the response to TGF-β1, which induces fibrotic features in vitro. Exposure to exogenous TGF-β1 enhanced its ability to stimulate the contraction of collagen gels (% gel contraction stimulated by TGF-β1: 9.7% ± 2.0% in the lung fibrosis group vs. 7.1% ± 1.6% in the control group; P = 0.003) and chemotaxis (% chemotaxis stimulated by TGF-β1: 17.2% ± 1.9% in the lung fibrosis group vs. 14.9% ± 1.7% in the control group; P = 0.004) in fibrotic fibroblasts when compared to normal fibroblasts (Fig. 1C, D) .
Response to ERK5 inhibitor
We investigated whether ERK5 blockade altered the TGF-β1-induced increase in collagen gel contraction and chemotaxis towards fibronectin in HFL1 cells. Pretreatment with the ERK5 inhibitor, BIX02189, reduced TGF-β1-induced collagen gel contraction and chemotaxis in HFL1 cells in a concentration-dependent manner (P < 0.05 at concentrations of 10 −7 to 10 −6 M BIX02189 ± 10 pM TGF-β1 vs. control; Fig. 2A, B) . The inhibitory effect of BIX02189 on TGF-β1-stimulated fibroblast activity was higher in fibroblasts from fibrotic lungs than in control fibroblasts (P < 0.001, Fig. 2C, D) and was positively correlated with the TGF-β1-induced increase in collagen gel contraction and chemotaxis (r 2 = 0.500, P < 0.001 and r 2 = 0.580, P < 0.001, respectively; Fig. 2E, F) . Notably, the effect was greater in fibrotic lung fibroblasts from subjects with UIP than in those with NSIP (P = 0.003 and 0.009, respectively; Fig. 2G, H) .
Changes in TGF-β1 target molecules in fibrotic lung fibroblasts
Given that TGF-β1 and BIX02189 regulate the contraction of collagen gels and chemotaxis to a greater extent in fibrotic lung fibroblasts than in control fibroblasts, we examined the expression of the TGF-β1-dependent regulators α-SMA and TGF-β receptors (TGF-βRs) -which mediate myofibroblast differentiation-by western blotting. TGF-β1 induced α-SMA expression to a greater extent (P < 0.001, Fig. 3A ) in fibrotic fibroblasts than in control fibroblasts (2.8 ± 0.8 in the lung fibrosis group vs. 1.6 ± 0.3 in the control group; P < 0.0001). Although there were changes in the relative increase of TGF-β1-induced TGF-βRI phosphorylation and total TGF-βRI (TGF-βRI) expression (P < 0.05 and P < 0.001, respectively; Fig. 3B, C) , the differences between the groups were not statistically significant (TGF-βRI phosphorylation: 1.4 ± 0.5 in the lung fibrosis group vs. 1.2 ± 0.2 in the control group; P = 0.523, and TGF-βRI: 2.7 ± 1.3 in the lung fibrosis group vs. 2.0 ± 0.5 in control group; P = 0.196).
BIX02189 did not significantly suppress TGF-β1-induced TGF-βRI phosphorylation (Fig.  3B ). There were changes in the relative decrease of TGF-βRI following BIX02189 treatment (P < 0.001, Fig. 3C ) but the differences between groups were not statistically significant (0.7 ± 0.2 in the lung fibrosis group vs. 0.6 ± 0.2 in the control group; P = 0.701; Fig. 3C ). TGF-βRII expression in fibrotic fibroblasts was decreased by TGF-β1 stimulation (P = 0.007, Fig. 3D ), whereas BIX02189 did not significantly alter TGF-β1-induced TGF-βRII expression.
TGF-β1-induced fibronectin acts as an autocrine/paracrine factor that can potentially stimulate both collagen gel contraction and chemotaxis. To clarify the mechanistic basis for the observed effects, we measured fibronectin release, which was stimulated by TGF-β1 and abolished by treatment with 10 −6 M BIX02189 (P < 0.001; Fig. 3E ). The fold increase in fibronectin following TGF-β1 stimulation (1.8 ± 0.6 in the lung fibrosis group vs. 1.4 ± 0.2 in the control group; P = 0.028) and fold reduction in the presence of BIX02189 (0.6 ± 0.1 in the lung fibrosis group vs. 0.8 ± 0.1 in the control group; P = 0.003) were greater in fibroblasts from fibrotic lungs than in control fibroblasts.
BMP regulation in fibrotic lung fibroblasts
Since members of the BMP family engage in crosstalk with the TGF-β signaling pathway components and BMP receptors are expressed in human lung fibroblasts [8] [9] [10] , we examined whether BMP-3 and -4 influence the TGF-β1-mediated increase in collagen gel contraction and chemotaxis towards fibronectin in HFL1 cells. Exogenous BMP-3 and -4 reduced TGF-β1-mediated chemotaxis towards fibronectin in a concentration-dependent manner (P < 0.05, Fig. 4B, D) and stimulated TGF-β1-mediated collagen gel contraction (P < 0.05, Fig. 4A, C) . These effects were more potent for BMP-3 than for BMP-4 ( Fig. 4A-D) . The TGF-β1-mediated suppression of BMP-4 expression was significant in fibroblasts from fibrotic lungs (P = 0.007; Fig. 4E ), whereas treatment with BIX02189 did not significantly alter TGF-β1-mediated regulation of BMP-3 and -4 ( Fig. 4E, F) . Additionally, there were no changes in the levels of the BMP antagonists Gremlin1 and 2 (data not shown) [9] [10] [25].
Effects of ERK5 inhibitor on TGF-β1 signaling in fibrotic lung fibroblasts
Given that the activation of Smad3 signaling in response to TGF-β treatment enhances α-SMA expression, gel contraction, and fibronectin production in fibroblasts [26] , we examined the phosphorylation status of Smad3. The relative increase in phosphorylated (p)-Smad3/ total (t)-Smad3 upon TGF-β1 stimulation was significantly higher in fibrotic fibroblasts than in control fibroblasts (4.1 ± 1.4 in the lung fibrosis group vs. 1.5 ± 0.4 in the show the relative intensity of α-SMA, phospho-TGF-βRI, TGF-βRI, and TGF-βRII vs. β-actin; the horizontal axes show the conditions. (E) Effect of BIX02189 on TGF-β1-stimulated fibronectin production by lung fibroblasts. Sub-confluent fibroblasts were cultured in serum-free (SF)-DMEM for 2 h and incubated in the presence or absence of TGF-β1 or BIX02189 for 24 h. The supernatant was harvested, and fibronectin level was quantified. The vertical axis shows fibronectin production, expressed as amount per 10 5 cells/ml; the horizontal axis shows the conditions. The values represent mean ± SEM of at least three independent experiments. (A-E) *P<0.05, P = 0.0005; Fig. 5C ), the expression level of p-ERK5/βACT and t-ERK5/βACT treated with TGF-β1 was higher in fibrotic fibroblasts than in control fibroblasts, when the expression level of p-ERK5 and t-ERK5 were analyzed separately (P = 0.0441 and 0.0297, respectively; Fig. S1A , B -all supplementary material available online at www.cellphysiolbiochem.com). The relative decrease in Smad1 phosphorylation -as evidenced by the inhibition of BMP signaling in response to TGF-β1 stimulation-was significant in fibroblasts from fibrotic lungs (P = 0.0093; Fig. 5D ). However, BIX02189 did not restore the TGF-β1-suppressed Smad1 phosphorylation in fibrotic lung fibroblasts (Fig. 5D ).
Bioinformatic analysis of fibrotic fibroblast phenotypes
To quantify the activity of individual promoters across the genome, we applied CAGE to 20 samples (7 from normal and 13 from fibrotic fibroblast samples; the latter included seven UIP and six NSIP fibroblast samples). We also identified DEGs with altered promoter activity in fibrotic vs. normal fibroblasts. Our analysis (FDR < 5%; Fig. S2A ) yielded 223 upregulated (Table S1A ) and 56 downregulated (Table S1B) genes. A Reactome analysis showed that upregulated DEGs were significantly enriched in fibrosis-related processes, including interleukin-4 and -13 signaling, extracellular matrix organization, elastic fiber formation, molecules associated with elastic fibers, MET-activated protein tyrosine kinase 2 signaling, and extracellular matrix degradation (FDR < 0.05; Table 2 ). These results indicated that fibrotic fibroblasts are likely controlled by transcriptional regulatory networks that are distinct from those of normal fibroblasts.
We speculated that molecular interactions between the TGF-β1 and ERK5 signaling networks contribute to the sensitivity of fibrotic fibroblasts to TGF-β1. To examine this possibility, we constructed DEG interaction networks using VaProS software and identified a key upregulated gene in fibrotic fibroblasts (Fig. S2A) , fibulin-5 (FBLN5). Although FBLN5 was not specific to either UIP or NSIP (Table S2) , it was closely associated with the ERK5 (MAPK7)-TGF-β1-regulated Smad3, α-SMA (ACTA2), and fibronectin (FN1) networks in our analysis (Fig. S2B-D) and was enriched in the elastic fiber formation, molecules associated with elastic fibers, and ECM organization categories (Table 2) .
Baseline and TGF-β1-induced fibulin-5 protein levels were higher in fibrotic lung fibroblasts than in control fibroblasts (baseline: P = 0.033 and TGF-β1-treated: P < 0.001; Fig. S2E ). However, no association with the BMP4-ERK5 (MAPK7) network was detected by the VaProS software analysis (data not shown) as suggested BIX02189 did not affect BMP4-related Smad1 activation (Fig. 5D) . These results further support that BMP4 has no dominant role in ERK5-mediated fibrotic process signaling in fibrotic fibroblasts. Also, we did not identify any molecular interactions between ERK5 and TGF-βRs.
Blockade of ERK5-mediated lung fibroblast regulation
To investigate the direct functional roles of ERK5-mediated lung fibroblasts activities, we downregulated ERK5 by siRNA in HFL-1 cells. Transfection with ERK5 siRNA led to a complete reversal of targets which suggested molecular interaction by the Vapros analysis (Fig. S2B-D) . Smad3 phosphorylation and α-SMA, fibronectin, and fibulin-5 expression were affected by ERK5 siRNA transfection (Fig. S3A) , whereas, TGF-βRI phosphorylation and the amount of TGF-βRI and II were not affected. Furthermore, ERK5 downregulation attenuated gel contraction and chemotaxis (Fig. S3B, C) .
Effects of ERK5 inhibition on TGF-β1-stimulated fibroblast activity in vitro and biomarkers for lung fibrosis
Given our observation that ERK5 inhibition in fibrotic lung fibroblasts enhanced their sensitivity to TGF-β1-induced fibrosis in contrast to normal fibroblasts, we investigated whether our ex-vivo data had clinical significance. To this end, we measured the serum levels of the lung fibrosis biomarkers KL-6 and SP-D in patients with lung fibrosis at the time of Table 2 . Reactome pathway enrichment analysis of 223 genes upregulated in fibrotic fibroblasts when compared to control fibroblasts (FDR < 0.05). Abbreviations: DEG, differentially expressed gene; FDR, false discovery rate; PTK2, protein tyrosine kinase 2 primary lung fibroblast sample collection. The ability of BIX02189 to abrogate the TGF-β1-induced increase in collagen gel contraction was positively correlated with SP-D (r 2 = 0.388: P = 0.031, Fig. 6B ) but not KL-6 (Fig. 6A) levels. In contrast, the inhibitory effects of BIX02189 on TGF-β1-induced migration were negatively correlated with KL-6 (r 2 = 0.380: P = 0.033, Fig. 6C ) but not SP-D (Fig. 6D ) levels. None of the other clinical, histopathological, spirometric parameters such as the sustainer and rapid decliner categories according to FVC reduction rate were related to in vitro fibroblast responses to ERK5 inhibitor treatment or to ex vivo fibroblast activity.
Discussion
In this study, we evaluated the phenotypic differences between distinct fibrotic fibroblast subtypes and performed a series of bioinformatic analyses on DEGs. The most notable feature of fibrotic lung fibroblasts was their increased bioactivity following activation of the canonical TGF-β1/Smad3 pathway which upregulated ERK5 phosphorylation and further led to TGF-β1-induced collagen gel contraction and migration. These effects were attenuated by treatment with ERK5 inhibitor, BIX02189, and were more potent in fibroblasts from UIP than from NSIP patients.
These phenotypic differences are in accordance with previous reports that TGF-β is more expressed in lung tissues from IPF/UIP than in those from NSIP [9] [10] [27]. We also identified specific characteristics of fibrotic lung fibroblasts, including increased TGF-β1-induced α-SMA expression, Smad3 phosphorylation, fibronectin release, and ERK5 phosphorylation when compared to normal lung fibroblasts. There were no statistically significant differences in the relative regulation of TGF-β1-mediated TGF-βRI activation and TGF-βRs amount following BIX02189 treatment between the groups. We demonstrated that BIX02189 suppressed TGF-β1-induced TGF-βRI but not by the genetic inhibition of ERK5 as previously described [28] .
Bioinformatics analyses of DEGs identified fibulin-5 as a novel candidate factor in the crosstalk between the ERK5 and TGF-β1 signaling pathways that was induced by TGF-β1 treatment. Fibulin-5 -an elastin-binding protein-was upregulated in hepatic fibrosis and in the fibrotic skin of patients with systemic scleroderma, which is considered a biomarker for elastogenesis in lung tissues with COPD [29] [30] [31] . Fibulin-5, which is induced via canonical TGF-β1/Smad signaling in human lung fibroblasts, was shown to exert profibrotic effects [32] and induce skin fibrosis in part by activating dermal fibroblasts and stimulating the proliferation and migration of smooth muscle cells in the airways [31] [33] [34] . Additionally, blockade of ERK5 did not only suppressed Smad3, α-SMA, and fibronectin -detected in the ERK5 (MAPK7) networks by VaProS analysis; but also gel contraction and migration as well as fibulin-5 expression. We detected no association between the BMPs or TGF-βRs -ERK5 networks in the molecular interaction analysis. This suggests that TGF-β1-ERK5 interaction plays a critical role in fibrotic fibroblast-mediated lung fibrosis processes.
The results of this study demonstrate that both BMP-3 and -4 suppressed the migration of lung fibroblasts towards fibronectin but enhanced the TGF-β1-induced increase in gel contraction. These diverse effects are supported by a previous report showing that BMP-4 inhibited TGF-β1-induced synthesis of ECM components including fibronectin while promoting α-SMA expression, which was responsible for increased gel contraction [9] [10] [27]. BMPs do not affect the activity of reporter genes regulated by the TGF-β1-induced Smad-binding element in human lung fibroblasts [9] .
However, we showed that TGF-β1 suppressed the BMP-4/Smad1 signaling pathway, whereas the ERK5 inhibitor did not relieve this suppression in fibrotic lung fibroblasts. These results suggest that BMPs may at least partly inhibit fibroblast migration independent of TGF-β1-induced ERK5 signaling. The levels of the BMP antagonists Gremlin1 and 2, which were previously implicated in the development of lung fibrosis [9] [10] of sensitive responses to TGF-β1 in fibrotic fibroblasts may arise from the activation of the ERK5-FBLN5-Smad3 cascade rather than the TGF-βRs and BMPs signal regulation in fibrotic fibroblast-mediated lung fibrosis processes. In other words, these processes may be caused by the sustained exposure to autocrine/paracrine TGF-β1 signals during lung inflammation and then may result in the transition from the parenchymal lung fibroblasts to the fibrotic fibroblast phenotype. Serum SP-D and KL-6 levels are clinical surrogate markers in IPF patients treated with pirfenidone [30] [35] . SP-D suppressed lung fibrosis by inhibiting macrophage infiltration and TGF-β1 release [36] ; in contrast, KL-6 promoted alveolar inflammation with increased TGF-β1 release in mouse lungs treated with bleomycin [37] and enhanced the stimulatory effects of fibronectin on human lung fibroblast chemotaxis and myofibroblast differentiation [38] [39] . In the present study, higher SP-D and lower KL-6 levels were associated with increased sensitivity to ERK5 inhibitor and suppression of TGF-β1-stimulated lung fibroblast bioactivity ex vivo, suggesting that serum SP-D and KL-6 can serve as markers for epithelialmesenchymal interactions and can identify patients with lung fibrosis who are candidates for anti-fibrotic treatment with ERK5 inhibitors.
Conclusion
In conclusion, the results presented here provide evidence of the high sensitivity of fibrotic fibroblasts to the canonical TGF-β1/Smad3 signaling pathway, which mediates fibrotic processes that can be suppressed by ERK5 inhibitor treatment; this extends our previous findings that ERK5 inhibitor suppressed airway fibrosis in COPD lung fibroblasts [12] . The screened genes and TGF-β1-ERK5 interaction analysis provide detailed insights into the molecular mechanism underlying the progression of lung fibrosis mediated by fibrotic fibroblasts. Although our study had some limitations such as the fact that we did not test whether the ERK5 inhibitor reverses lung fibrosis in tissues and the limited number of fibroblast lines that were used, our findings shed light on the pathogenesis of lung fibrosis and provide preliminary evidence suggesting that ERK5 and fibulin-5 are potential therapeutic targets.
